In recent years biofouling from native (bryozoans, sponges) and non-native (Cordylophora) animals has increased in UK water treatment works (WTW). A survey of six UK water companies and eight WTWs revealed that these taxa were more widespread and abundant than previously recognised.
INTRODUCTION
The growth of organisms on the surface of structures within water treatment works (WTWs) can present considerable economic problems. Of greatest prominence are the invasive zebra and quagga mussels (Dreissena polymorpha and Dreissena bugensis), which have spread rapidly through Europe and North America over the past few decades (Aldridge et al. 2004; Ram & Palazzolo 2008) . Fouling of UK WTWs by zebra mussels (quagga mussels are not yet present in the UK) is characterised by the occlusion of raw water supply mains, the blockage of microstrainers, pre-ozone units and raw water monitoring lines, and the disruption of filter media (Elliott et al. 2005) . These problems cost WTW in the UK an average of d18,000 per year due to management costs, damage and control (Oreska & Aldridge 2010) .
While fouling by zebra mussels may be the most prominent, not all biofouling problems within water treatment works can be attributed to them. The precise identity of the majority of fouling nuisances often goes unrecognised and has been referred to as ''moss and turds'' by some waterworks operators (Wood 2005) . However, an increasing global awareness of the economic importance of such fouling has resulted in a recent effort to better understand the biology behind the problem. It is now recognised that the primary non-molluscan biofoulers in freshwaters include sponges, the filamentous hydrozoan Cordylophora, and a number of species of bryozoans (sometimes called moss-animals or ectoprocts) (Wood 2005) .
Despite the problem only recently being widely recognised, biofouling by these organisms is not new. Biofoulers in UK water treatment and distribution networks were first detailed by Harmer (1913) , who reported problems from Devon to Aberdeen. Although zebra mussels were found within raw water pipes, the main problems reported were caused by bryozoans, sponges and Cordylophora. Blockage of meters, strainers and pipes was especially associated with the winter die-off of the organisms when decaying material detached from walls. Wood (2005) suggests that bryozoans are the most widespread and important biofouling organism in fresh waters, and in recent years freshwater bryozoans have caused problems in potable water treatment works in India and Australia (Shrivastava & Rao 1985; Smith 2005) . Freshwater bryozoans have also caused problems for power plants by reducing flow in the cooling water intake (Aprosi 1988) , fouled aquaculture floating net cages (Dubost et al. 1996) , blocked irrigation systems (Wood 2005) and fouled waste water treatment works (Wood & Marsh 1999) . Despite these widespread reports, there have been no reports of bryozoans in UK WTWs since Harmer (1913) .
Most reports of Cordylophora fouling come from cooling systems of power plants (Folino 1999; Rajagopal et al. 2002; Folino-Rorem & Indelicato 2005) . However, there are no reports in the literature of Cordylophora being a problem biofouler in WTWs. Similarly, sponge has rarely been reported as a problem biofouler in freshwaters despite its being a common encrusting organism (Pronzato & Manconi 2002) .
The persistence of bryozoans, sponges and Cordylophora in fouled WTWs is likely to result from their possession of a dormant and highly resistant (overwintering) stage of their lifecycle. Cordylophora have menonts, fragments of coenosarc tissue which have potential regenerative capabilities (Roos 1979) . Sponges have gemmules, a group of totipotent cells protected by a layer of spongin reinforced by spiny spicules (Pronzato & Manconi 2002) . In bryozoans the dormant stage depends on the species, but the most common group of tubular fresh water bryozoans, the Plumatellas, have oval shaped statoblasts. Statoblasts are resistant seed-like structures with chitinised walls that can either be dispersive (floatoblasts) or remain attached to where the colony was growing (sessoblasts) (Wood & Okamura 2005) . Typically, bryozoans, sponges and Cordylophora enter their resistant stage when exposed to conditions not conducive to growth, such as when control agents are added or during the wintertime, which can lead to seasonal patterns in the biofouling nuisance.
The absence of reported biofouling in UK WTWs during the latter part of the 20th century is likely to have been the result of declining raw water quality (Aldridge et al. 2004) and, most importantly, the introduction of sodium hypochlorite dosing on the raw water intake (pre-chlorination). However, in recent years the UK water industry has experienced a marked increase in fouling by zebra mussels (Aldridge et al. 2004) . This new wave of fouling is thought to be due to the cessation of pre-chlorination (Elliott et al. 2005) , which has become necessary due to growing concerns over the production of toxic disinfectant by-products including the carcinogenic trihalomethanes (THMs) and haloacetic acids (HAAs) (Boorman et al. 1999) .
It has now become clear that zebra mussels are not alone in contributing to an increased biofouling nuisance in UK WTWs in recent years. However, the identity of these other biota has been largely unreported and/or unrecognised. Given the potential economic impacts of biofouling to WTWs (and therefore the companies which operate them) and the apparent increase in the occurrence of biofouling nuisances, the aim of this study was to better understand the identity and distribution of biofouling taxa in UK WTWs, to assess the nature of their impacts and to review the options that might be available for their control.
METHODS

Survey of water companies
Between 2006 and 2009, interviews were held with works managers, operatives and senior process scientists at six major English and Welsh water companies, who collectively operate over 50 surface WTWs. Companies that exclusively abstracted from groundwater were omitted from the survey, as the organisms of interest do not inhabit such waters. The six companies were selected to encompass a large portion of England and Wales (Figure 1 ), and were companies already known to have problems or potential problems from zebra mussels (Elliott et al. 2005 ; D. Aldridge unpublished data), which increased the likelihood of personnel being aware and vigilant to other biofouling organisms. Staff were interviewed on site to gather information on costs and impacts at all the works owned by the six companies for which some fouling had been reported. The names of these WTW are not given due to confidentiality agreements with the water companies. During the four-year period, companies provided information and samples of biofouled structures (e.g. underdrain nozzles and tail pipes) whenever maintenance allowed. Samples were microscopically examined and the fouling taxa identified using Folino (1999) , Pronzato & Manconi (2002) and Wood & Okamura (2005) for Cordylophora, sponges and bryozoans respectively.
Surveys of WTWs
Eight WTWs (all operated by two of the six water companies involved) were surveyed for biofoulers in September 2007 (A to H in Figure 1 ). Again the names of the WTWs are not given due to confidentiality agreements with the companies operating the WTWs. The works chosen were easily accessible surface water treatment works, which accounted for over 30% of the surface WTWs the two companies operated. Visual inspections were made at all accessible points through each works, from the raw water intake to the last location before final chlorination. Whenever possible at each inspection point, three standard samples were taken from surfaces (e.g. filter bed walls, channels between treatment processes) at a depth of 0.5 m using a steel framed hand net (area 0.125 m 2 , mesh size 250 m). Samples were transferred into water for immediate microscopic examination in the laboratory.
Monitoring in water treatment works
Monthly monitoring was carried out at four of the eight works surveyed (works E, F, G and H; Figure 1 ) between April and October 2007. Two acrylic plates (210 Â 290 Â 3 mm) were suspended in the water at all accessible locations between the raw water intake and the last location before final chlorination. The plates provided a standardised area and surface. Each month, a grid of 5 mm squares was held over the plates and the percentage coverage of attached bryozoans, sponges and Cordylophora was estimated by counting the number of squares occupied. Due to the absence of reproductive stages present in the majority of colonies, bryozoans and sponges could not be identified to species level.
RESULTS
Survey of water companies
Four of the six water companies had problems with biofouling organisms other than zebra mussels (Figure 1 ). Of the two remaining companies, one had only recently discovered zebra mussels at any of its sites and the other currently widely employed pre-chlorination of the raw water. While the presence of biofoulers may be relatively widespread within the four affected companies, associated operational problems were reported at only eight of the 44 surface WTWs operated by the four companies.
The primary nature of operational problems (seven WTWs) came from the blockage of underdrain nozzles and tailpipes within rapid gravity filters. Blockage of the nozzles led to an uneven scour during backwashing, thus resulting in inefficient cleaning of the filter media and the formation of 'dirty patches'. Additionally, a build-up of underdrain pressure during backwashing can develop and, on one occasion, contributed to a filter bed floor 'blowing'.
Inspection of tailpipes and underdrain nozzles revealed fouling by bryozoan statoblasts belonging to the genus Plumatella, filaments of Cordylophora and colonies of sponge ( Figure 2 ). All three groups of organisms were found together on some nozzles but each of these taxa were found alone in at least one WTW. In total three works showed Cordylophora growth, six showed bryozoan growth and two sponge growth. The main visible structures were the dormant stages of the organisms indicating where they had been growing (i.e. bryozoan statoblasts, Cordylophora menonts and sponge gemmules).
At one works, an additional type of fouling was reported in the form of the occasional delivery from the raw water main of hundreds of bryozoan colonies onto the roughing filters. Presumably these growths had become dislodged from the walls of the supply tunnel. Most notable were the massive growths of Plumatella fungosa, which measured up to 30 cm in diameter (Figure 3) .
Lastly, one company reported that sponge growths, which form patchy colonies upon underdrain walls, caused skin irritation and rashes to some operatives and contractors, requiring the use of additional protective clothing during routine works.
Cost
All companies experiencing fouling problems gave estimates of the costs sustained. Fouled filter beds require refurbishment and this requires the costly process of removing the Projected cost of future filter bed refurbishment at one Midlands works was a further d1.6 million. At the most heavily fouled works, one company has initiated a rolling programme of filter bed refurbishment every four years until suitable control solutions can be identified. In addition to direct costs, there is also an operational cost in lost production while the filter bed is out of service.
Surveys of water treatment works
Bryozoan statoblasts were found at all eight WTWs surveyed, and belonged predominantly to Plumatella spp. In four works, statoblasts numbered 4100 per 0.125 m 2 sample in at least one location. The two works with the highest abundances of statoblasts also contained living bryozoan material and the works with the highest abundance of living material reported problems with bryozoans in the rapid gravity filter (RGF). Cordylophora was found at three works, high abundances were found at two works and one of these reported problems with its RGFs. Sponges were found at four sites, but at the works where sponge was growing in the RGF filter nozzles no sponge was visible at the accessible locations within the works. Sponge was the biofouler to show the greatest penetration through a works. At one site it covered approximately 10% of the wall surface of the channel leading to the granular activated carbon (GAC) filters ( Figure 4 ) and 5% of the wall post GAC filtration, at which point there is only final chlorination before distribution.
Monthly monitoring
Bryozoans were found on the monthly monitoring plates at two out of the four works, works E and G. The most heavily fouled works, works G, showed rapid colonisation of the plates located immediately after the primary ozonation, with 490% coverage by July ( Figure 5A ). However, by August much of this material had died off, leaving a surface covered with sessoblasts. The next monitoring location through the process, the entrance to the RGFs, showed less substantial (o30% coverage) but more persistent bryozoan fouling. At works G bryozoans penetrated beyond the RGF, through the secondary ozone, and to the entrance to the GAC, albeit only in very small abundances (o1% coverage). Site E also showed high abundances of bryozoans at the first two locations surveyed. However, these locations were both before the equivalent location in works G. Unlike Site E no bryozoans were found just before or after the RGFs ( Figure 5B ). At Site E coverage was low (o6% at all locations) and the bryozoans did not start growing until August.
The monitoring plates at works E were the only ones to become fouled by Cordylophora, and showed the same late summer increase in abundance as shown by the bryozoans at the same site ( Figure 5C ). The greatest growth of Cordylophora was immediately before the RGF, with much less growth in the microstrainer bays. Cordylophora reached the plates placed ahead of the GAC beds, albeit in very low abundance.
DISCUSSION The problem
The primary biofouling problem reported by the water companies was growth on filter nozzles of RGFs. Bryozoans, Cordylophora, and sponge were all found growing on affected nozzles. All these organisms can grow together, but a fouling nuisance can also be caused by a single taxon. Problems were not restricted to RGFs. The other two problems reported were large growths of bryozoans breaking through onto roughing filters, compromising their efficiency, and sponge growth causing skin irritation to contractors.
While the most apparent problem of biofouling was the occlusion of nozzles, biofoulers are also likely to affect the treatment efficiency of a works by providing refuge for pathogenic bacteria and other organisms. Biofoulers create threedimensional structure that can be habitat for other organisms (Okamura & Hatton-Ellis 1995) and can increase the potential area for the development of micro-organism biofilms. There can be as many as 1,000 organisms in a biofilm for each planktonic bacterium detected (Momba et al. 2000) , and pathogenic bacteria that are part of a biofilm have far higher chlorine resistance than planktonic bacteria (Steed & Falkinham 2006) . This indirect elevation of pathogens may require the implementation of additional treatment processes in order to meet water quality regulatory requirements.
It was clear that the greatest abundance of biofoulers at all WTWs was at the front end of the works. All organisms were capable of penetrating to the entrance to the granular activated carbon filter, GAC, but by this stage only sponge was found in abundance. At one WTW, sponge even penetrated past the GAC to the entrance of the final chlorination point. The low abundance of biofoulers at the GAC may be explained by the progressive treatment of water through a works. All these taxa are dependent on planktonic food resources, which will be progressively removed from the water as it passes through the works. The greatest decline in food would be at the RGF and this may explain the large declines in all fouling taxa beyond this point.
Cost
The problems caused by the biofouling cause a large and increasing cost to the UK water industry. The replacement of biofouled RGFs alone has cost the four companies a total of d1.49 million between 2005 and 2009, and this value is likely to be conservative, due to biofouling problems wrongly attributed to mechanical failure. As well as the direct financial cost, additional costs may come from the need to treat deterioration in water quality to meet the UK Water Supply (Water Quality) Regulations 2000. Additionally, the requirement of contractors to wear protective clothing when working in the presence of sponges may increase the cost of contracted work, while disposal of material will generate landfill costs.
Sponge on ladder down into channel Sponge on wall 10cm Figure 4 9 9 9 9 Sponge colonies growing on the wall of a channel to the GAC in works C; a sponge colony also coats part of the access ladder down into the channel.
Temporal and spatial patterns
As all of the organisms showed seasonal growth with winter die-off, there are likely to be temporal variations in problems, with biomass being most problematic in the summer. All of the organisms have dormant stages and so even when they die back, either seasonally or within a season, they will not completely disappear (Roos 1979; Pronzato & Manconi 2002; Wood & Okamura 2005) . If conditions improve these dormant stages can quickly grow to form new nuisance colonies. The monthly monitoring illustrated that bryozoans may also be very variable in abundance within one season and will therefore sometimes lead to a sporadic, unpredictable fouling nuisance. While all eight surveyed WTWs revealed the presence of biofoulers, only three reported biofouling problems. This suggests that fouling by these taxa is widespread across the UK but has gone largely unrecognised. Many biofouling problems are attributed to mechanical failure rather than a biofouling problem (Wood 2005) , presumably due to a combination of a lack of awareness and the difficulty of identification. In RGFs the difficulties are exacerbated by the underdrain and filter nozzles being difficult to access. The underdrain cannot be inspected while the bed is in operation and the nozzles cannot be accessed unless the filter medium is dug out of the bed.
In other instances, biofoulers may be at abundances too low to be noticed or too low to cause a measurable problem. Indeed, in the surveyed sites, those with the highest abundances of bryozoans and Cordylophora growing within them were the sites with the largest reported problems. Conversely, the low abundance of biofoulers present in the GAC stage may explain the absence of any reported fouling problems this far into any works.
Increasing reports
While increased awareness doubtlessly has contributed to the greater reporting of biofouling in UK WTWs, there is good reason to believe that the increase is a real phenomenon, for four reasons. First, non-native species such as zebra mussels and Cordylophora are known to have increased in distribution and abundance across Europe over the past decade (Aldridge et al. 2004; Musko et al. 2008) . Furthermore, it has been reported that Cordylophora has recently increased its range from brackish water further into freshwater, possibly due to increased ion concentrations in freshwater from increased runoff (Folino 1999; Smith et al. 2002) . Second, the increase in problems with zebra mussels at WTWs is thought to be largely due to the cessation of pre-chlorination at the entrance to works (Elliott et al. 2005) . Chlorine is also known to reduce growth of bryozoans and Cordylophora (Rajagopal et al. 2002; Folino-Rorem & Indelicato 2005; Wood 2005) . Third, increases in zebra mussel abundance more generally within UK fresh- Figure 5 9 9 9 9 Coverage on monitoring plates each month at different locations through the works (points are the mean, bars are the range, n ¼ 2 for each location). The locations are listed in process order; A -bryozoan coverage at works G, B -bryozoan coverage at works E (note the y-axis does not extend to 100%), C -Cordylophora coverage at works E.
waters has been attributed to improved water quality (Aldridge et al. 2004) , and a similar explanation could be applied to other taxa. Fourth, in recent years UK winters have generally become milder and growing seasons longer (Bradshaw & Holzapfel 2006) , which may have enabled both native (bryozoans, sponges) and non-native (zebra mussels and Cordylophora) biofoulers to persist between growing seasons and thus attain a biomass sufficiently great to become a nuisance.
Control solutions
Given the large and increasing economic impact of biofoulers to the UK water industry, there is a strong and increasing desire to control the problem. Control options can be broadly divided into those which are physical and those which use chemicals.
The main physical control option within RGF biofouling is the replacement of filter floors, which the survey showed costs d25 k to d50 k per bed. Replacing filter floors is also time-consuming, requiring the filter beds to be taken out of operation for several days. Alternative physical controls include heat treatment and the induction of anoxia. High temperature of above 371C is an effective control against Cordylophora (Folino-Rorem & Indelicato 2005) , but is impractical in a water treatment works where there is no residual heat energy available. Anoxic conditions are used within GACs to control small invertebrates including chironomid larva (Olsen et al. 2009 ), so may be applicable for biofoulers within RGFs. Anoxic conditions for over three hours kill bryozoans (Wood 2005) , but this is unlikely to control the dormant stages of the organisms. If the dormant stages are not controlled, the organisms retain the potential to recolonise quickly.
Given the problems and cost of physical control options, chemical options are potentially a more viable solution. The strict regulatory control of WTWs precludes many chemical agents from being acceptable. The most commonly used chemical control for biofoulers is chlorine. Chlorine affects both bryozoan and Cordylophora growth (Shrivastava & Rao 1985; Wood & Marsh 1999; Rajagopal et al. 2002; FolinoRorem & Indelicato 2005) . The response of sponges is unknown but it is reasonable to assume they would also be susceptible. However, as chlorine reacts with organic matter in water to produce carcinogenic disinfectant by-products (Boorman et al. 1999) , the levels that can be used within water treatment works are limited and are becoming more heavily regulated. If Cordylophora is dosed with chlorine for short periods, of 105 min, regeneration can occur even with 5 mg/L chlorine (Folino-Rorem & Indelicato 2005) . Hence, more work needs to be done to assess the potential to use chlorine in controlling biofouling within RGFs. One avenue worthy of investigation is the use of chlorinated backwashes into RGF chambers and another is the use of microencapsulated control agents (BioBullets) which biofouling filter feeders actively remove and concentrate from the water column (Aldridge et al. 2006) .
CONCLUSIONS
Our studies show that sponge, Cordylophora and bryozoans can all cause major problems within RGF filter beds and the problems may be far more widespread than reported. Operatives need to be more aware of biofouling organisms and associated problems so that their impact can be minimised. Even if only a few works are affected, the costs to those works are high. Hence, more work needs to be done to ascertain the most effective control mechanism to mitigate these costs.
